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Instantaneous and Continuous Cardiac Output in Humans Obtained
With a Doppler Pulmonary Artery Catheter
JEROME SEGAL, MD, FACC, MENAHEM NASSI, PHD, ANDREW J . FORD, JR., BS,
TERRY D . SCHUENEMEYER, BS
San Francisco, California
A new Doppler pulmonary artery catheter was used to
measure instantaneous and continuous cardiac output in
both an in vitro model and in 44 patients undergoing
cardiac catheteriaation . Cardiac output was calculated with
use of the Doppler catheter-determined instantaneous
space-average velocity and the ultrasonically determined
instantaneous vessel area . Doppler flow and thermodilution
were compared with electromagnetic flow in the in vitro
model and with Fick cardiac output in patients . Doppler
catheter-determined now was highly predictive of elcetro-
magnetic now in the pulsatile now model (r = 0 .99, slope
[m] = 1.01 and SEE = 0.05 and appeared comparable to
thermodilution measurements (r = 1.00, m = 1 .03 and
SEE = 0.02.
In patients undergoing cardiac catheterization, Doppler
catheter-determined cardiac output appeared to modestly
We previously described (I a new method for measuring
instantaneous and continuous cardiac output utilizing a flow
directed Doppler pulmonary artery catheter. Preliminary
tests in both an in vitro flow model and an animal model
demonstrated a high degree of correlation to electromagnetic
flow measurements and superiority to simultaneously ob-
tained thermodflution flow measurements . This Doppler
catheter system also provided instantaneous diameter mea-
surements and mapping of instantanene° velocity profiles
within the main pulmonary artery.
Doppler flow measurements obtained with this catheter
were critically dependent on the angle of incidence between
the acoustic beam and flow. A bent catheter configuration
was used to fix the transducer in a stable position against one
vessel wall and direct the acoustic beam through a central
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underestimate Fick cardiac output (r = 0 .82, m = 0.80 and
SEE = 0 .09; mean error a SEM = -0 .26 a 0.14 liters/
min. However, predictive accuracy was comparable to
simultaneously obtained thermodilution measurements
(r = 0 .85, m = t .07 and SEE = 0 .10; mean error
t
SEM = 0 .61 ± 0.16 liters/min
This new Doppler catheter system utilizes multiple
ultrasound transducers to provide angle .independent mea-
surements of vessel diameter and instantaneous velocity
within the main pulmonary artery, resulting in a more
accurate assessment of Doppler-derived cardiac output . in,
addition, useful information concerning hemodynamic var-
iables such as peak flow, acceleration, deceleration, stroke
work and pulmonary Impedance may be derived .
(J Am Cog Candied 1990;16;1398-407
vessel diameter. A single transducer was used to,;' ain both
velocity and diameter measurements within the main pulmo-
nary artery . This necessitated a steep beam angle (60°-70°,
resulting in a significant error in Doppler velocity measure-
ment for any error in the assumed angle of incidence . In
addition, diameter determination was compromised because
the ultrasound beam was not perpendicular to the vessel
walls
. Also, considerable force was applied by the catheter
against the vessel wall to maintain a stable position in the
pulmonary artery. This raised concerns of tissue damage to
the pulmonary artery when the catheter was used for long-
term monitoring .
We have evaluated a newly developed Doppler pulmo-
nary artery catheter with three transducers to measure
instantaneous space average velocity and diameter in the
main pulmonary artery
. This new catheter is capable of
accurately measuring continuous cardiac output irrespective
of angulation of the catheter with respect to the vessel walls .
In addition, this catheter need not be positioned against the
vessel wall, which should result in less tissue trauma during
long-term monitoring .
Plow measurements obtained with the use of this new
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Figure 1 . Doppler pulmonary artery catheter with three ultrasound
transducers and distal pulmonary artery, right atria and transducer
pressure ports.
multitransducer Doppler catheter were initially compared
with electromagnetic flow and thermndlution in an in vitro
pulsatile blood perfusion model . Next. Doppler catheter-
determined cardiac output measurements were compared
with Fick cardiac output and thermodilution cardiac output
in patients in the cardiac catheterization laboratory .
Methods
Doppler catheter . All current studies were performed with a
new multitransducer pulmonary artery catheter (FLOCATI-1,
Cardiometrics (Fig. 1. In contrast to the single transducer
Doppler pulmonary artery catheter previously described
(1,
this new catheter had three 10 MHz ultrasound transducers
approximately I mm in diameter, located ml the front and rear
faces of the distal catheter tip . The new catheter was also
preformed into a bent configuration and straightened by an
internal guide wire mechanism before insertion
. The catheter
was inserted via the right internaijugular vein or right femoral
vein in the manner previously described (I. Transducer loca-
tions within the main pulmonary artery were confirmed by
fluoroscopy and monitoring of pressure waveforms obtained
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from a lumen whose port was adjacent to the transducers .
After retraction of the guide wire, the catheter assumed its
preformed shape, orienting the ultrasound beams along a
diametric plane in the main pulmonary artery (Fig. 2 . The
angled configuration of the catheter's distal tip and the curved
configuration of the main and right pulmonary arteries assrrcd
aiming of the ultrasound beams through a central vessel diam-
eter . Positioning of the catheter against the vessel wall was no
longer necessary .
Doppler Flow Measurements
Velocity measurements . These were obtained by adapting
a previously described (I multirange-gate pulsed Doppler
velocimeter (DOPCOM' Cardiac Output Monitor . Ccrdio-
metrics . This new pulsed Doppler velocimeter maps a
one-dimensional velocity profile using six individual range
gates which span the vessel diameter . Instantaneous blood
velocity at each of the six gates was calculated with use of
the Doppler equation :
F,, x C
V, = for ran
-Fa
x -6
ge gate i = I through 6,
It
where V ; = velocity at range gate i ; F 0 = Doppler shift
frequency at range gate i ; Fo = transmission frequency (10
MHz : 0 = Doppler angle between the ultrasound beam and
blood velocity vector: and C = propagation velocity of
ultrasound in blood (1,570 cm/s .
Doppler angles (B for each of the three transducers were
determined by measurement of beam profiles using a three-
dimensional acoustic test system with determination of the
angle between the ultrasound beams and the catheter long
axis .
Instantaneous velocity at each of the six range gates
was
calculated and stored by computer at a sampling rate of 33
l{z
. Data stored by computer included 5 s trends of instan-
taneous velocity in each of the six range gates and instanta-
neous diameter
. In addition, a previously described (I
custom-designed computer program was used to reconstruct
and display the average velocity profile representing a typi-
cal cardiac cycle (Fig. 3 .
Doppler angle error. With the use of two velocity mea-
suring transducers (Fig. 4, angle positioning errors due to
nonparallel arrangement of the catheter long axis and blood
velocity streamlines could be corrected. Similar angle cor-
rection methods using dual cutaneous Doppler transducers
have been previously described (2-3 . Doppler frequency
shift measurements were made by both transducers, T, and
T,
. at the six range gates. With use of a single range gate at
which the two ultrasound beams, B, and B„ intersected, a
single flow velocity vector could be measured that was
assumed to be equal for both transducers . The angle of this
flow velocity vector with respect to the catheter tong axis,
defined as the angle error (BERR
was calculated and used to
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correct the measured beam angles of transducers T, and T 2
with use of the following equations :
BITRUE = Out- + 6".
BZTRUE -
BIMEAS + BERR+
(3
where
BiTRUE
and
B2TRUE
are true beam angler of transduc-
ers T, and T 2
with respect to the velocity streamlines and
BIMEAS
and
02MEAS
are the acoustically measured beam
angles for transducers T 1 and T2 with respect to the catheter
long axis.
Figure 3 . Average velocity profile obtained from Doppler ultra-
sound measurement of instantaneous velocity in six range gates
distributed across a central vessel diameter. The flow profile repre-
sents a 5 s average obtained from the main pulmonary artery of a
patient at a mean cardiac output of 4 .59liters/min
.
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Figure 2. Doppler catheter in place in
the pulmonary artery. Catheter config .
oration orients the ultrasound trans-
ducers with ultrasound beams aimed
through a central vessel diameter
.
The true instantaneous velocity measured at each of the
sir range gates
could thus be corrected for any angle error
using the following relation :
Fe x C
~I 2Fa
x cns(OTRUE
I41
where
e'RUE
is the true beam angle of transducer T, or T2
attd Fa , Fo, C, V; are as previously defined in Equation I .
Instantaneous space-average velocity . This was obtained
by weighting the instantaneous angle-corrected velocity in
each of the six range gates by the percentage of total surface
area occupied by the half anulus centered at each range gate
location (Fig . 5
. This model assumes hemisymmetric three-
dimensional flow profiles . The instantaneous space-average
velocity was calculated using the following formula:
Figure 4. Determination of angle error using Doppler measurements
made simultaneously from two front transducers (T, and T, . B, and
B, = ultrasound beams of transducers T, and T„ respectively ; BI
and 00 = measured angles of ultrasound beams B
1 and B2 with
rrspectto long axis of the catheter;
BERG =
calculated angle error
with respect to axis of the vessel .
e,
ERR
ERR
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DgureS. Volume flow formula and diagram of weighting scheme for
each of six range gates based on percent total surface areas . D =
vessel diameter; V = velocity at range gates I through 6; A =
variable area weighting factor based on location (I through IV of
range gates in vessel .
VsA=IA1I(V1+V4+A1(V,+VS+Am(V5+Arv(Vs] (5
where V5A = instantaneous space-average velocity.
V; =
velocity in range gate i for i = I through 6 (obtained from
equation 4, and A i = variable area weighting factor for i =
I through 4, based on location of range gates in the vessel .
Vend diameter. This was determined with use of a dual
transducer automatic diameter detection scheme . A single
transducer automatic diameter detection scheme utilizing
backscattered power from the returning ultrasound signal
has been previously described (1 . This new method utilized
two transducers located on the front and back sides of the
catheter for measuring distances from the front of the
catheter to the far vessel wall and from the rear of the
catheter to the near vessel wall (Fig . 6 . True vessel diameter
(corrected for catheter angulation was calculated with use
of the following formula :
D = (dp + do +
wcoseERR,
	
161
where b = instantaneous vessel diameter ; d F =
perpendic-
ular distance from the front transducer, T, to the front
vessel wait; d o = perpendicular distance from the back
transducer, T3 , to the back vessel wall
; w = catheter width;
and
Y
liERR
= calculated angle error as previously defined .
With this method accurate vessel diameter measurements
may be obtained without requiring that the catheter be
directly adjacent to the vessel wall and irrespective of
angulation between the catheter and the vessel long axis
.
Volume How
. The product of instantaneous space aver-
age velocity (equation 5 and cross-sectional area (obtained
SEGAL ET .AL .
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Figure 6. Calculation of true vessel diameter (D with use of front
and back ultrasound transducers (T, and T,. B t and
B, =
ultra-
sound beams of tmnsducersT, and T, : dp = perpendicular distance
from transducer T, to front vessel wall (measured with use of
ultrasound transit time ; d o = distance from transducer T, to back
vessel wall tics , = previously determined angle error with respect
to axis of the vessel (Fig. 4 : W = width of catheter.
from the vessel diameter . equation 6 was used to calculate
the instantaneous volumetric flow in the vessel ever, 30 ms
with use of the following formula :
Q = Vs,4(nD214 . 171
where
Q =
instantaneous volume flow, VSA = instantaneous
space average velocity (equation 5, and D = instant:-neous
vessel diameter (equation 6.
Experimental Model (Fig . 7
A pulsatile blood flow model was set up with use of
thermoplastic (polyvinyl chloride tubing approximately 16
mm in diameter and a centrifugal pump used to move bovine
blood at 37°C through the circuit. Pulsation of flow was
established through use of a rate-variable flow control valve
with pulsation rates maintained between 30 and 100 pulses/
min. A calibrated electromagnetic flow probe (Carolina
Medical Electronics was placed into the circuit . Thermodi-
lution flow measurements were obtained with the Doppler
catheter, using 10 ml of iced saline solution at 0 °C to 5°C
injected over 4 s . A standard thermodilution cardiac output
computer (American Edwards was used, with computation
constant established by comparison with timed flow
.
The Doppler catheter was advanced into z 40
rm test
section of thermoplastic tubing, approximately 25 mm in diam-
eter, constructed with specialized rings used to hold the trans-
ducer segment of the Doppler catheter . A pneumatically con-
trolled piston was used to move these rings across a distnetric
plane to simulate catheter motion across the blood vessel . The
rings could be moved from a position adjacent to one wall of
the test section to the center of the tube . Such movement of the
rings could result in variable tilt of the catheter of 0° to 20° with
respect to the walls of the test section of tubing . The rate of
change of catheter position was established to be between 20
and 30 minds, or a 20°
to 30° change in angle/s .
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figure 7. In vitro pulsatile flow model . Doppler flow measurements
are obtained from ultrasound transducers placed into the test section
yr tubing (detail . The Doppler catheter is moved across the central
diameter of the test section with movable catheter restraints at.
tached to a pulsatile pneumatic cylinder .
Flow was adjusted to between 1 .0 and 8 .0 liters/min and
three thermodilution, Doppler and electromagnetic flow
measurements were obtained at each flow rate
. Instanta-
neous electromagnetic and Doppler flow measurements to-
gether with instantaneous diameter and calculated angle
error were also recorded at various flow rates .
Human Studies
Study subjects . The study group consisted of 44 consec-
utive patients aged 30 to 78 years who were scheduled to
undergo diagnostic right heart catheterization as part of their
routine cardiac catheterization studies . The study was ap-
proved by the Roman Research Committee at the University
of California, San Francisco and all subjects gave informed
consent
.
Doppler catheter
. The Doppler pulmonary artery cathe-
ter was inserted into the right internal jugular vein (38
patients or right femoral vein (6 patients and was advanced
under fluoroscopic and pressure guidance
. Baseline right
atrial, right ventricular, pulmonary artery and pulmonary
capillary wedge pressure tracings were obtained together
with simultaneous electrocardiographic (ECG and femoral
artery pressure tracings. Next, the position activation wire
was retracted, allowing the catheter to assume its preformed
bent configuration . The catheter was then properly posi-
tioned to locate the transducers within the proximal main
pulmonary artery, as confirmed by pulmonary artery trac
ings obtained from the transducer pressure lumen. Continu-
ous monitoring of mean cardiac output was displayed on the
PULSATLE
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Doppler cardiac output monitor, with instantaneous cardiac
output recorded on a multichannel recorder . Instantaneous
velocity, diameter and cardiac output data were also stored
by computer by way of (ntehace with the cardiac output
monitor.
Cardiac output measurements . Doppler cardiac output
was measured simultaneously with thermodilution and Fick
cardiac output measurements . Thermodilution measure-
ments were obtained with use of a precalibrated thermistor
contained within the Doppler pulmonary artery catheter.
Iced saline solution injections were performed with use of 10
ml of normal saline solution at O'C to 5°C injected over 4 s
into the right atrium . Four thermodilution measurements
were obtained over a 3 min period and were averaged . Fick
cardiac output was obtained by continuous monitoring of
direct oxygen consumption (Deltatrac, Sensormedics . Ar-
terial and mixed venous oxygen contents were determined
by the Van Slyke method . Two sets of blood samples were
analyzed for each patient and oxygen content measurements
were averaged.
Statistical analysis
. Doppler and thermodilution measure-
ments were compared with electromagnetic flow and Fick
cardiac output by standard linear regression, with calcula-
tion of r value, slope intercept and standard error of the
estimate (SEE (4. Correlations of Doppler catheter-
determined and thermodilution values with electromagnetic
flow and Fick cardiac output were compared with use of the
significance of the difference between dependent correlation
coefficients with determination of t and p values (5. The
predictive accuracy of Doppler catheter and thermodilution
cardiac output measurements was compared by computation
of the mean prediction errors (bias ± standard error of the
mean (SEM and mean squared prediction errors (mse ±
SEM of each method versus Fick, with calculation of the
difference in mean squared prediction errors (Amse ± SEM,
with 95% confidence intervals and t and p values (6 .
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Figure 8. Instantaneous electromagnetic flow, Doppler flow, diam-
eter and Doppler angle error for the pulsatile flow model .
Results
In Vitro Flow Measurements
Instantaneous electromagnetic and Doppler flow mea-
surements with instantaneous diameter and angle error are
illustrated in Figure 8. These data demonstrate marked
similarity in the electromagnetic and Doppler flow wave-
forms. In addition, total diameter measurement appears
relatively constant irrespective of catheter motion, as dem-
onstrated by the variation in angle error measurements.
Linear regression analysis of mean Doppler catheter-
determined flow (QD versus mean electromagnetic flow
(QEM is illustrated in Figure 9A (QD = 1 .01QEM + 0 .22 ;
r = 0 .99, SEE = 0.05 . Correlation of thermodiution (QTD
with electromagnetic flow was also excellent (QTD = 1
.03
QEM + 0 .40 ; r = 1 .00, SEE = 0.02 (Fig. 9B. There were n a
statistically significant differences in the ability of Doppler
catheter-determined flow versus thennedilution to predict
electromagnetic flow (p > 0
.10.
Human Studies
instantaneous cardiac output. Instantaneous cardiac out-
put obtained with use of the Doppler catheter is displayed
with simultaneous pulmonary artery pressure, right ventric-
7
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Figure 9. Top, Plot of electromagnetic flow versus Doppler flow for
pulsatile flow model . Line represents line of identity . Bottom, Plot of
electromagnetic flow versus lhennodilution for pulsatile flow model .
ular pressure and ECG in Figure 10 . In addition, a typical
5 s average velocity profile obtained from the main pulmo-
nary artery is displayed in Figure 3 .
Doppler catheter versus thermodilntion cardiac output .
Regression analysis of neap Doppler catheter-determined
cardiac output (QD versus Fick cardiac output (QF is
illustrated in Figure I IA (OD = 0.80QF + 0.83; r = 0 .82;
SEE = 0 .09. Linear regression of thermodilution (QTD
versus Fick cardiac output is illustrated in Figure IIB
(QTD = 1 .07QF + 0.22; r = 0.85, SEE = 0.10
. Both
Doppler catheter and thermodilution determinations appear
to correlate well with Fick cardiac output with no significant
difference between dependent correlation coefficients (p >
0.10 . Doppler catheter-determined cardiac output tended to
slightly underestimate Fick cardiac output (mean prediction
error ± SEM, QD-QF = -0.26 ± 0.14 liters/min; mse
.
SEM = 0 .90
.
0.18 and thermodilution slightly overesti-
mated Fick cardiac output (mean error ± SEM, QTD-QF =
0.61 L 0 .16liters/min ; Base L SEM = 1 .41
.
0.41 . Overall,
Doppler catheter cardiac output tended to be more accurate
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than thermodilution (Amse ± SEM = -0.51 ± 0.46 . How-
ever, these differences in the ability of the Doppler catheter
and thermodflution methods to accurately predict Fick car-
diac output were not statistically significant (p > 0 .10 with
the 95% confidence limits of Amse overlapping zero .
Discussion
In Vitro Flow
Instantaneous flow data. Doppler catheter-determined
flow was highly predictive of instantaneous electromagnetic
flow in the pulsatile flow model tested (Fig . 8 . Movement of
the catheter across a diametric plane together with angula-
lion of the catheter with respect to flow appeared to have
little effect on flow measurements calculated from velocity
and diameter information obtained by using the three trans-
ducer system and angle error correction method as previ-
ously described .
Mean flow dam. Both Doppler catheter-determined flow
and thermodilution-determined flow showed excellent corre-
lation with electromagnetic flow in the pulsatile flow model
(Fig. 9 and no statistically significant differences were
demonstrated in the ability of the Doppler catheter versus
thermodilution methods to accurately predict electromag-
netic flow .
Human Studies
Instantaneous cardiac output. Traditional methods used
to measure cardiac output in humans, such as thermodilu-
tion, dye dilution and Fick oxygen consumption, provide
only mean cardiac output measurements and are performed
only on an intermittent basis . Instantaneous and continuous
measurement of cardiac output can be performed intraoper-
atively with use of electromagnetic flow probes or through
the use of transesophageal or transtracheal Doppler trans-
ducers (7-12.
Electromagnetic probes are inconvenient and
1ACC Val . 16 . No . 6
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Figure 10. Instantaneous recordings of pulmonary
artery and right ventricular pressure waveforms
along with Doppler cardiac output obtained in a
patient using the Doppler catheter . ECG = electro-
cardiogram .
subject to drift, and transesophageal and transtracheal meth-
ods are useful only in intubated, anesthetized patients and
are of questionable accuracy when compared with thermodi-
lution (10-12 .
Several noninvasive methods for measuring cardiac out-
put have been developed (13-17 that utilize Doppler ultra-
sound in combination with two-dimensional, A- or M-mode
echocardiography . User variability, anatomic variation,
nonflat velocity profiles and difficulty in obtaining accurate
diameter and Doppler measurements combined with an
unknown angle of incidence between the ultrasound beam
and flow have limited the clinical utility of these methods
(18,19.
The Doppler catheter provides both instantaneous and
continuous measurement of cardiac output and stroke vol-
ume of the right ventricle . Flow acceleration, deceleration,
peak flow, stroke work, and pulmonary impedance can
be
calculated . This information may provide better insight
concerning right ventricular contractility and intrinsic myo-
cardial function together with a better understanding of
pulmonary vascular impedance and its interaction with car-
diac output .
Effects of velocity profile and area
. Previously described
methods (14-19 of measuring cardiac output in humans
utilize maximal Doppler velocity along with estimated aortic
or pulmonary artery areas and assume flat velocity profiles
and constant vessel areas . Our data suggest that the velocity
profile within the main pulmonary artery in humans may be
parabolic during peak systole (Fig . 3 . In addition, up to a
10% change in internal diameter may be measured . The
assumptions of constant vessel areas and flat velocity pro-
files, together with use of maximal, time-average velocities
rather than true space-average velocities, should result in
significant error in the calculation of cardiac output . In fact,
such errors have been reported in comparing cardiac output
derived with traditional Doppler techniques with thermodi-
lution or Fick cardiac output (20 .
The multirange-gated
JACC V.I . 16. No, 6
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Doppler catheter system continuously maps the true velocity
profile within the pulmonary artery and dynamically tracks
the intravascular diameter . This may provide a more accu-
rate assessment of instantaneous cardiac output than that
with previously described Doppler techniques .
Mean cardiac output . In the patients studied, Fick car-
diac output was used as the reference standard with which
Doppler catheter and thermodilution cardiac output were
compared. Previous studies (21 have documented up to a
20% variation in Fick cardiac output alone . Studies (22-32
of thermodilution cardiac output have reported accuracy
ranging from ± 3% to 30% depending on the thermodilution
technique used and the method of flow measurement under
comparison. Our data comparing thermodilution to Fick
cardiac output were well within this range .
The predictive accuracy of Doppler catheter-derived car-
diac output for Fick cardiac output appeared somewhat
higher than did thermodilution cardiac output. However . the
differences between these two methods were not statistically
significant .
Limitations
Assumption of symmetric flow profile . Doppler catheter-
derived calculation of space-average velocity was based on
the assumption of hemisymmetric three-dimensional flow
profiles within the main pulmonary artery . The degree of
deviation from three-dimensional symmetry depends on the
radius of curvature of the main pulmonary artery and on the
presence of turbulent flow . Relatively short vessels with a
large radius of curvature, such as the main pulmonary
artery, can be expected to exhibit fairly symmetric flow
profiles (Fig. 3 . However, the assumption of uniformly
symmetric flow profiles will result in error in any flow
calculation using space-average velocity obtained from mea-
surements in only a single plane.
Previous studies (33,34 of pulmonary artery flow have
suggested that turbulent or nonlaminar flow profiles may
occur in the main pulmonary artery near the pulmonary
artery bifurcation after the acceleration phase of systole . To
minimize these effects the transducers were placed proxi-
mally within the main pulmonary artery (near the pulmonary
valve where systolic flow appeared more laminar (Fig . 3.
However, space-average velocity calculated from our
weighted annular ring model could be underestimated or
overestimated in the presence of any turbulent flow . Such
srrors would result in errors in the determination of cardiac
output .
Doppler angle error. We have previously described (I a
Doppler catheter used to measure flow in in vitro and animal
models that utilized a single transducer to obtain both
velocity and diameter measurements within the main pulmo-
nary artery. This catheter required both parallel alignment
with vessel walls and force applied by the catheter to the
SEGAL ET AL
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vessel wall to maintain a stable position for accurate velocity
and diameter measurements. The use of this catheter in
humans raiwd concerns of inaccuracy because of "tilt" or
angling of the catheter in relation to the pulmonary artery
and of tissue damage to the vessel wall when the catheter
was used for long term monitoring .
To overcome these potential problems, the new Doppler
catheter used in the current study utilized three transducers.
The two front transducers provided independent velocity
measurements along the same streamline within the pulmo-
nary artery . These independent velocities could then be used
to calculate the angle error due to catheter tilt with use of
methods similar to those previously described (2,3 . The
calculated angle error was then used to correct the velocity
calculations obtained from each transducer to obtain an
angle-corrected true space-average velocity . However . se-
vere tilt i? +20° resulted in significant over- or underesti-
mation of angle-corrected velocities in the pulsatile now
model even with use of this dual transducer scheme . Angle
error rarely exceeded ^±I8° in our patients once a stable
catheter position had been obtained .
Catheter position in relation to the pulmonary artery . The
bent catheter configuration should position the front and
hack catheter transducers along a central diametric plane
within the main pulmonary artery (Fig. 2 . The angled
configuration of the catheter's distal tip assures this, as does
the curved configuration of the main pulmonary artery and
its continuation into the right pulmonary artery . Should the
catheter torque in relation to the vessel, the acoustic beams
would trnsect a chord rather than the true vessel diameter .
This would result in underestimation of vessel diameter and
errors in calculation of the velocity profile. The catheter was
manually torqued in both directions under fluoroscopy and
during continuous monitoring of vessel diameter to deter-
mine whether the maximal dimension was obtained with the
catheter in its neutral position. In all cases the maximal
distance measured by addition of front and rear distances
between transducers and vessel walls was obtained with the
catheter in this neutral position. This suggests that the front
and rear acoustic beams transected a vessel diameter in this
position . All quantitative Doppler measurements were ob-
tained in this neutral catheter position
.
Experimental errors in determination of mean cardiac
output . Fick and thermodilution cardiac output measure-
ments were obtained over a 3 min period. Despite attempts
to obtain mean Doppler cardiac output measurements simul-
taneously with Fick and thermodilution measurements dur-
ing stable hemodynamic conditions, some variation in dy-
namic cardiac output may occur.
Conclusions . We have evaluated a new flow-directed
Doppler pulmonary artery catheter that utilizes multiple
ultrasonic transducers to measure instantaneous and contin-
uous cardiac output in humans . Instantaneous velocity pro-
file maps and instantaneous vessel diameter measurements
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Figure 11. Top, Plot of Fick cardiac output versus Doppler cardiac
output for all 44 patients studied . Line represents line of identity .
Bottom, Plot of Fick cardiac output versus thermoditulion for all 44
patients studied.
were obtained with use of this system in patients undergoing
cardiac catheterizataon. Doppler cardiac output calculated
with use of instantaneous angle-corrected, space-average
velocity and instantaneous area (obtained from vessel diam-
eter correlated well with Fick cardiac output . The overall
accuracy of Doppler cardiac output appeared comparable to
thermoditution output, in comparing both with Fick mea-
surements.
Continuous monitoring of instantaneous and mean car-
diac output appears possible with use of this Doppler
catheter system (Fig . 10 . Currently available pulmonary
artery catheters provide continuous measurement of pres-
sure and mixed venous oxygen saturation only . Mixed
venous oxygen saturation reflects flow but may be affected
by other variables and correlation with cardiac output has
been poor (35-37. A Doppler catheter system that provides
continuous monitoring of cardiac output may warn the
physician of early changes in cardiac output due to ischemia,
hypovolemia or changes in vascular resistance . In addition,
JACC Vol . 1 6 . No. 6
November 15. Isvv:I39g-407
the ability to accurately measure instantaneous cardiac
output should provide useful information concerning hemo-
dynamic variables such as peak flow, flow acceleration and
deceleration, stroke work and pulmonary impedance . This
information may provide better insight concerning right
ventricular contractility and intrinsic myocardial function .
Further clinical studies will be required to evaluate the
accuracy and clinical utility of this method for measuring
cardiac output in humans.
We express our gratitude to Paul Yock, MD, Arlene D :echaler, Bat Amp ;n,
Leslie Bible, Bianka Emilson and Inge Robert for technical assistance,
Gunnard Modin for stutislical analysis and Connie Peters far manuscript
preparation.
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